Dendritic spines are highly specialized structures that receive excitatory inputs. One of the most salient features of spines is their structural plasticity, which allows them to change morphology and number in response to synaptic inputs (Nimchinsky et al., 2002) . Spine formation and dynamics are regulated by intracellular calcium, which activates pathways that through the small Rho GTPases impinge into the actin cytoskeleton (Tada and Sheng, 2006; Carlisle and Kennedy, 2005) . Increased intracellular calcium levels activate the calcium-sensing protein calmodulin, which modulates the large family of serine/threonine calciumcalmodulin-dependent protein kinases (CaM-Ks). One branch of this CaM-K cascade includes CaMKII, which transduces calcium signals to the cytoskeleton. For example, CaMKII-dependent activation of kalirin7, a GTP exchange factor (GEF) for Rac1, enhances the development of complex dendrites and the formation and maturation of spines (Xie et al., 2007) . Another branch of the CaM-K cascade includes CaMKK and the downstream components CaMKI and CaMKIV. But this pathway is less well characterized. Upon CaMKK activation, CaMKIV regulates nuclear function by modulating the phosphorylation of CREB and CBP (Soderling, 2000) . In contrast, the CaMKK/ CaMKI signaling pathway seems to specifically regulate the cytoskeleton. Although its role in modulating axon behavior has been documented (Wayman et al., 2004) , the function of the CaMKI cascade in dendrites is less well known.
In this issue of Neuron, Saneyoshi et al. (2008) report that bPIX, a Rac1 GEF, interacts with components of the CaMKK pathway. Interestingly, a previous study showed that PIX in a complex with GIT1 regulates actin dynamics by activating Rac and PAK during spine morphogenesis (Zhang et al., 2005) . Therefore, this new study identifies a novel signaling cascade that links synaptic activity with spine morphogenesis through CaMKI.
Electrical activity regulates the phosphorylation of some components in the CaMKK signalosome. Using a combination of biochemical approaches and deletion analyses, the authors found that bCaMKK interacts with aCaMKI, bPIX, and GIT1. The formation of the complex is independent of either CaMKK activity or calcium. However, modulation is achieved through changes in the level of bPIX phosphorylation at serine 516 (S516). Consistently, mutation of S516 completely abolishes bPIX phosphorylation by CaMKI, whereas activation of CaMKK by ionomycin increases phosphorylation at S516. Importantly, phosphorylation at S516 is calcium dependent, suggesting that neuronal activity regulates bPIX.
The phosphorylation of bPIX by CaMKK cascade is important for Rac activation. Using fluorescent resonance energy transfer (FRET), the authors showed that KCl depolarization increases Rac activation in dendrites as previously reported (Zhang et al., 2005) . Importantly, they showed that Rac activation in dendrites is CaMKK dependent, as inhibition of CaMKK or expression of the bPIX mutant S516A significantly decreases KCl-induced FRET signal. These findings demonstrate a central role for bPIX in the activation of Rac1 during spine morphogenesis.
Although blockade of electrical activity by TTX reduces the number of spines or synaptic sites, the mechanisms by which activity induces morphological changes at synapses have remained elusive. Here Saneyoshi and colleagues show that APV, an NMDA receptor antagonist, decreases spine number. As NMDA receptor activation induces calcium entry, the authors examined the contribution of the CaMKK cascade in spine morphogenesis. Indeed, they found that inhibition of CaMKK decreases the number of spines in hippocampal neurons as observed when electrical activity is blocked. Importantly, this effect is rescued by the expression of a CaMKK mutant, which is insensitive to the CaMKK inhibitor. Further support for the role of the CaMKK pathway in spine formation was provided by silencing CaMKKs or by expression of a dominant-negative CaMKI. In addition, bPIX phosphorylation by CaMKK is a key event in the regulation of spine formation. Three findings support this conclusion. First, CaMKK knockdown decreases the level of bPIX phosphorylation. Second, expression of a bPIX mutant that cannot be phosphorylated by CaMK1 decreases spine number. Third, silencing of bPIX also affects spine formation. Taken together these results strongly support a model where bPIX phosphorylation is required for spine morphogenesis downstream of CaMKK and CaMKI (Figure 1) . Other studies have shown that NMDA activation also regulates spine number through Tiam, a Rac1 GEF (Tolias et al., 2005) . Thus, electrical activity through NMDA receptors regulates spine morphogenesis through different pathways that converge into Rac.
Careful analyses of spine morphology revealed two intriguing findings. First, signaling through CaMKK and bPIX does not affect the conversion of filopodia to spines in cultured neurons or in brain slices. In contrast, when GIT1 and bPIX are activated by Eph signaling, there is an increase in the conversion of filopodia into mature spines (Segura et al., 2007) . Second, CaMKK and bPIX regulate spine number and spine neck length without affecting spine head size. Interestingly, activation of kalirin7, another Rac1 GEF, does affect spine head size (Xie et al., 2007) . These finding suggest that activation of bPIX or Rac through different pathways can result in different responses in dendrites.
Consistent with changes in the number of spines, the CaMKK pathway modulates synapse formation. The number of synaptic puncta decreases in neurons expressing a dominant-negative CaMKI or the nonphosphorylatable bPIX mutant. In agreement with this finding, electrophysiological recordings reveal a defect in the frequency of miniature excitatory postsynaptic currents (mEPSCs). In contrast, the amplitude of mEPSCs is unaffected, consistent with the finding that the size of spine heads does not change. The current studies were performed in young neurons during the peak of synaptogenesis. So it would be important to see whether the CaMK1-bPIX pathway contributes to spine maturation in older or more mature neurons.
How does CaMKK signaling through bPIX regulate spine formation? Although the current study demonstrates that bPIX activates Rac in dendrites, the downstream effectors remain to be identified. Previous studies have shown that Rac through the serine/threonine kinase, PAK, phosphorylates a number of downstream targets that directly modulate the cytoskeleton during spinogenesis. Indeed, PAK phosphorylates myosin-2 regulatory light chain (MLC), which induces profound changes in actin dynamics in spines (Zhang et al., 2005) . As a component of the large signalosome complex containing CaMKI, bPIX, and Rac, PAK could modulate actin-regulatory proteins, resulting in changes in spine morphogenesis. The intriguing finding that PAK phosphorylates the upstream component bPIX at T526 raises the interesting possibility that a regulatory feedback loop modulates this signaling cascade.
In summary, the work by Saneyoshi and colleagues provides evidence for a novel molecular pathway that links neuronal activity and synapse formation. This work adds more insights into the mechanisms by which glutamate through NMDA receptors activates the CaMKK/ CaMKI cascade downstream, resulting in actin cytoskeleton changes and the subsequent formation of spines and synapses. Future research will provide further understanding on how different signaling pathways that converge onto Rac through the same GEFs can induce distinct changes in spine morphogenesis during neuronal circuit assembly. /calmodulin complex activates the bCAMKK/aCaMKI pathway that in turn phosphorylates bPIX, resulting in Rac activation and spine morphogenesis. PAK, a downstream effector of Rac1, regulates the actin cytoskeleton during spine formation. A feedback loop through PAK could also regulate bPIX activity.
